Background: The molecular reorganization of signaling molecules after T cell receptor (TCR) activation is accompanied by polymerization of actin at the site of contact between a T cell and an antigen-presenting cell (APC), as well as extension of actin-rich lamellipodia around the APC. Actin polymerization is critical for the fidelity and efficiency of the T cell response to antigen. The ability of T cells to polymerize actin is critical for several steps in T cell activation including TCR clustering, mature immunological synapse formation, calcium flux, IL-2 production, and proliferation. Activation of the Rac GTPase has been linked to regulation of actin polymerization after TCR stimulation. However, the molecules required for TCR-mediated actin polymerization downstream of activated Rac have remained elusive. Here we identify a novel role for the Abi/Wave protein complex, which signals downstream of activated Rac, in the regulation of actin polymerization and T cell activation in response to TCR stimulation. Results: Here we show that Abi and Wave rapidly translocate from the T cell cytoplasm to the T cell:B cell contact site in the presence of antigen. Abi and Wave colocalize with actin at the T cell:B cell conjugation site. Moreover, Wave and Abi are necessary for actin polymerization after T cell activation, and loss of Abi proteins in mice impairs TCR-induced cell proliferation and IL-2 production in primary T cells. Significantly, the impairment in actin polymerization in cells lacking Abi proteins is due to the inability of Wave proteins to localize to the T cell:B cell contact site in the presence of antigen, rather than the destabilization of the components of the Wave protein complex. Conclusions: The Abi/Wave complex is a novel regulator of TCR-mediated actin dynamics, IL-2 production, and proliferation.
Introduction
T cell activation after presentation of antigen to the T cell receptor (TCR) involves reorganization of signaling molecules in the cell membrane and cytosol, leading to the formation of the immunological synapse (IS) at the T cell:antigen-presenting cell (APC) contact site. The molecular reorganization of signaling molecules during synapse formation is accompanied by polymerization of actin at the T cell:APC contact site and extension of actin-rich lamellipodia around the APC [1, 2] . The ability of T cells to polymerize actin is critical for several steps in T cell activation including TCR clustering, mature synapse formation, calcium flux, IL-2 production, and proliferation [2] [3] [4] . Ultimately, actin reorganization is crucial for the fidelity and efficiency of the T cell response [1, 4] .
Historically, the regulation of actin polymerization in T cells has been attributed to the Wiskott-Aldrich syndrome protein (WASp) [2] . However, because actin polymerization at the T cell:B cell interface or after TCR capping can proceed in WASp knockout mice [5, 6] , it is clear that additional, unidentified pathways are required for activation of Arp2/3 and actin polymerization in T cells. WASp is the founding member of a protein family that also includes N-WASp and the Wave proteins (Wave1, 2, and 3) [7] . These proteins are highly conserved at the C terminus, which contains the verprolin, cofilin, and acidic (VCA) domain responsible for binding to actin monomers and the Arp2/3 actin nucleating complex of proteins [7] . The regulatory, N-terminal regions of the WASp family proteins are more divergent but contain similar basic domains and polyproline regions. The mechanisms for regulation of WASp are distinct from those of Wave proteins. WASp and N-WASp are activated by the interaction of Cdc42 with a Cdc42/Rac interacting and binding (CRIB) domain, releasing the autoinhibitory conformation of WASp proteins [7] . WASp and N-WASp are similarly activated by interactions with phosphatidylinositol (4, 5) bisphosphate (PtdIns(4,5)P2) and SH3 domain-containing proteins, which bind to the basic and polyproline regions of WASp/N-WASp, respectively [7] . In contrast, Wave proteins are not autoinhibited in vitro, and the basic domain does not bind either F-actin or PtdIns(4,5)P2 [7] . Furthermore, while WASp proteins are activated by directly binding Cdc42, Wave proteins, which transmit signals downstream of Rac, do not contain a CRIB domain, and are thus activated indirectly by Rac [7] . Recent findings revealed that the activity of the Wave proteins is controlled by a protein complex that regulates Wave localization, stability, and association with Rac [7, 8] . Sra1 (or the related PIR121) binds directly to activated Rac, linking the entire complex to upstream activation signals [7] . The Hem family adaptors, Hem1 and Hem2 (also known as Nap1), bind directly to Sra1/PIR121 and to Abi1 or Abi2 in the complex. In turn, the Abi proteins link this complex to Wave1 or Wave2 [7, 8] , thereby coupling activated Rac signaling to activation of the Arp2/3 actin nucleation factor. To date, the roles of the Abi/Wave complex in TCRmediated actin polymerization and signaling have not been addressed.
The integrity of the complex containing Abi1/2, Wave1/2, Hem1/2 (Nap1), and Sra1/PIR121 has been shown to be essential for regulation of actin polymerization in response to activated Rac and after activation of platelet-derived growth factor (PDGF) receptor and integrins [9, 10] . However, the mechanism by which the complex activates the actin regulatory function of Wave remains somewhat controversial. In vitro reconstitution studies with purified proteins showed that the complex dissociates in the presence of activated Rac, thereby activating Wave [7] . In contrast, more recent in vivo studies have shown that the integrity of the complex is insensitive to activated Rac or growth factor stimulation [9, 10] . Further, it was shown that all four complex components are positive regulators of actin polymerization and are each required to properly target the complex to the leading edge [7] [8] [9] [10] [11] , thereby regulating the localized function of the complex. Moreover, the integrity of the complex has been shown to be critical to the stability of Wave in fibroblasts, epithelial, and melanoma cells, as loss of Abi1, Hem1/2, or Sra1/PIR121 proteins results in degradation of the Wave protein and inhibition of actin polymerization [7, 8] .
Abi1 and Abi2, which constitute the core of the Wave complex [9, 10] , were originally cloned as binding partners and substrates for the c-Abl and Arg tyrosine kinases [12, 13] . Abi proteins are adaptor proteins comprised of multiple protein-protein interaction domains including a soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor (SNARE) domain, a Wave binding (WAB) domain, a domain similar to homeodomain proteins, proline-rich sequences, and an SH3 domain [12, 14] . We showed that Abi1 and Abi2 localize to sites of dynamic actin polymerization, including lamellipodia and filopodia in migrating cells and adherens junctions of epithelial cells, where they mark sites of de novo actin polymerization in puncta/adhesion zippers [8, 14, 15] . Studies interfering with Abi1 function by use of anti-Abi1 antibodies or small interfering (si) RNAmediated knockdown showed that Abi1 is required for PDGF-induced membrane ruffling and lamellipodial protrusion [10, 16] and that Abi1 regulates actin polymerization as a component of the Wave protein complex [7] . A role for Abi2 in actin dynamics is supported by the observations that Abi2 null mice exhibit defective morphogenesis of the eye lens and abnormal dendritic spines and that siRNA-mediated knockdown of Abi1 and Abi2 impairs adherens junction formation [15] . Collectively, these observations support a role for Abi proteins as regulators of Rac-dependent actin dynamics.
Here we reveal a novel mechanism for regulation of actin at the T cell:B cell contact site by the Abi and Wave proteins. We show that Abi and Wave colocalize with actin at the contact site between T cells and APCs. Further, we show that both Abi and Wave are required for actin polymerization after T cell activation and that Abi proteins regulate actin polymerization in T cells by modulating the recruitment of Wave to the IS, rather than by regulating the stability of Wave and other complex components. Significantly, primary T cells derived from Abi1/Abi2-deficient mice exhibit decreased TCRmediated IL-2 production and proliferation. Together, these data demonstrate for the first time a role for the Abi/Wave complex in TCR-mediated T cell activation.
Results

Localization of Abi Proteins to Sites of Actin Reorganization in T Cells
To begin to define the role of Abi proteins in dynamic cytoskeletal regulation in T lymphocytes, we examined the localization of EYFP-tagged Abi1 in spreading Jurkat T cells plated on immobilized anti-CD3 [17] ( Figure 1A and Movie S1 in the Supplemental Data available with this article online). Within 30-60 s after plating onto CD3-coated coverslips, EYFP-Abi1 localized specifically to the cellular leading edge and continued to dynamically translocate with the leading edge as spreading continued ( Figures 1A-1C) . Enhanced levels of EYFP-Abi1 (green) correlated with leading edge protrusion (at 6.3 s and at 31.5-44.1 s), while the EYFP-Abi1 signal dissipated during cellular retraction (at 12.6-25.2 s) ( Figure 1B ; red indicates initial localization of EYFP-Abi1 overlaid with time-lapsed movement of EYFP-Abi1 pseudocolored green). The reduction in the level of EYFP-Abi1 at sites of retraction is similar to that which we previously observed in B16F1 melanoma cells spreading on either laminin or fibronectin [14] . Further, EYFP-Abi1 clustering, at what may be sites of TCR activation [18] , appeared to precede lamellipodial extension ( Figure 1C ). It is noteworthy that this localization of EYFP-Abi1 is distinct from that previously observed for other regulators of the T cell actin cytoskeleton, including WASp, which initially localizes in clusters with the TCR, and then shifts to a diffuse circumferential ring, but never colocalizes with the advancing leading edge [18, 19] . These results indicate that Abi1 localizes to the leading edge of T cells in response to TCR stimulation with unique and dynamic characteristics corresponding to movement of the leading edge.
We have shown that TCR-rich clusters arise in association with the leading edges of T cells spreading on anti-CD3-coated coverslips. These newly formed clusters are the primary sites of tyrosine kinase-dependent signaling downstream of the TCR [18] . We examined the localization of Abi proteins in relation to the phosphotyrosine-rich clusters induced by TCR ligation and observed that most of the phosphotyrosine-rich clusters were central to a peripheral ring of Abi1 ( Figure 1E ). However, in some cases, phosphotyrosine colocalized with Abi1 at the leading edge ( Figure 1E ). Our data suggest that Abi1 transiently colocalizes with nascent TCR clusters but rapidly moves away from these clusters with the advancing leading edge.
In addition to its localization to the leading edge (Figure 1) [8, 14] , we have observed enhanced localization of both Abi1 and Abi2 at sites of epithelial cell-cell contacts or adherens junctions [15] . To determine whether Abi proteins are present at the contact site between T cells and B cells, Jurkat T cells were mixed with Nalm-6 B cells that had been untreated or pulsed with the superantigen Staphylococcus Endotoxin E (SEE), and the localization of endogenous Abi1 and Abi2 was examined by immunofluorescence. Both Abi1 and Abi2 exhibited a diffuse cytoplasmic staining pattern in the absence of SEE and in unconjugated cells (Figure 2A and data not shown). In contrast, in the presence of antigen, Abi1 and Abi2 localized to the T cell:B cell contact site ( Figure 2A ). The localization of Abi1 and Abi2 at the contact site was confirmed by colocalization with actin ( Figure 2B ), which is enriched at the T cell:B cell interface [1] .
We next examined whether Abi1 binding to the actinregulatory Wave complex was required for Abi1 localization to the T cell:B cell contact site. Jurkat T cell lines stably expressing various EYFP-or EGFP-tagged Abi1 proteins were conjugated with SEE-pulsed Nalm-6 B cells. In accordance with our results with endogenous Abi1 protein ( Figure 2B ), wild-type EYFP-Abi1 colocalized with actin at the T cell:B cell contact site ( Figure S1 ). In contrast, Abi1 proteins with a deletion of the SNARE domain or amino acids 1-55 and 3-32, which include regions of Abi that are required for Wave binding [8] , remained cytoplasmic and failed to accumulate exclusively at the contact site upon conjugation with SEE-pulsed B cells ( Figure S1 ). Moreover, Abi1D1-55 and Abi1D3-32 failed to localize to leading edges of T cells spreading on anti-CD3-coated coverslips (Figure 1D and Movies S2-S4). Interestingly, Abi1 proteins that have lost Wave binding exhibit enhanced accumulation in a perinuclear clump relative to wild-type Abi1. Notably, T cells expressing these Abi1 mutant proteins exhibited impaired lamellipodia formation. These results are consistent with our previous data showing that localization of Abi proteins to the leading edge of B16F1 melanoma cells and fibroblasts requires N-terminal sequences encompassing the WAB and SNARE domains [8, 14] and that Abi mutants that cannot bind Wave do not reach the leading edge [8] . Additionally, we observed that a YFP-Abi1 fusion protein encompassing amino acids 1 to 145, which contains the Wave binding and SNARE domains, localized to the T cell:B cell contact site in the presence of antigen ( Figure S1 ). Taken together, these results demonstrate that both Abi1 and Abi2 localize with actin at the T cell:B cell contact site and suggest that this localization requires in part Wave binding.
Localization of Wave1 and Wave2 at the T Cell:B Cell Contact Site
Because Wave binding is critical for Abi localization, we next examined whether Wave proteins also localized to the T cell:B cell contact site (Figure 3 ). We observed that both Wave1 and Wave2 are expressed in Jurkat T cells (Figures 3-5 ) and that both proteins underwent a change from diffuse cytoplasmic distribution in unconjugated cells or in the absence of SEE to a marked accumulation at the T cell:B cell contact site in the presence of SEE ( Figure 3A ). These results demonstrate that both Wave1 and Wave2 are expressed in T cells and that they localize at the T cell:B cell contact site in an antigendependent manner. Moreover, both Wave1 and Wave2 colocalized with Abi1 at the contact site after T cell:B cell conjugation in the presence of SEE ( Figure 3B ). Together, these results indicate that Abi and Wave colocalize with actin at the T cell:B cell contact site and suggest that the Abi/Wave actin regulatory complex exists in T cells.
The Abi-Wave Actin-Regulatory Complex Is Constitutively Present in T Cells Abi and Wave proteins are part of a multiprotein complex known to regulate actin polymerization in fibroblast, epithelial, and melanoma cells [9, 10, 15] . This complex is comprised of Abi1/2, which directly links Wave1/2 to Hem1/2 (Nap1), which in turn binds to the Rac-GTP binding protein Sra1/PIR121 (see model Figure 4B ). Because there are three different Wave genes and two Hem family members in mammals, we first examined the expression of Wave and Hem family members in T cells by reverse transcriptase-polymerase chain reaction (RT-PCR). As shown in Figure 4A , Wave2 is the predominant Wave family member in Jurkat T cells, followed by Wave1, which is moderately expressed, and then by Wave3, which is weakly expressed. These results were confirmed by real-time RT-PCR ( Figure S2 ). Notably, Wave2 is the only Wave family member expressed in primary mouse thymocytes, as Wave1 and Wave3 were undetectable by both standard and real-time RT-PCR ( Figure 4A and Figure S2 ). Analysis of the expression of Hem1 and Hem2 (Nap1) in T cells showed that Hem1 is the predominant Hem family member in both Jurkat T cells and primary mouse thymocytes ( Figure 4A and Figure S2 ). However, Hem2 (Nap1) is also expressed in both human Jurkat T cells and primary mouse thymocytes, albeit to lower levels than Hem1. Thus, multiple members of the Wave and Hem, as well as Abi, protein families are expressed in T cells.
Next, we examined the integrity of the Wave protein complex in unstimulated and stimulated T cells by coimmunoprecipitation of endogenous proteins by using specific antibodies. In unstimulated T cells, both Abi1 and Abi2 coimmunoprecipitated with Wave1 and Wave2 ( Figure S3A ). Conversely, anti-Wave1 immunoprecipitates contained Abi1, as well as Hem1/2 proteins (Figure S3B) . Furthermore, the proteins appeared to be constitutively associated, as the levels of Wave1, Sra1, and Hem1/2 proteins in anti-Abi1 immunoprecipitates were not altered after stimulation of Jurkat T cells with anti-CD3 ( Figure 4C and data not shown) . Similar results were obtained by analysis of Abi1 protein in antiWave1 immunoprecipitates (data not shown). These results are in agreement with previous reports that showed that the constitutively associated complex was unaltered after growth factor stimulation or in the presence of activated Rac [9, 10] . Further, we observed that both Wave1 and Abi1 were present in anti-Sra1 immunoprecipitates ( Figure S3C ), and we identified both the Sra1-related PIR121 and Hem1 in Abi1 immunoprecipitates by mass spectrometry, indicating that these proteins can also form a stable complex with Abi1 in T cells (data not shown). Overall, these results show that the actin regulatory complex comprised of Wave1/2, Abi1/2, Hem1/2, and Sra1/PIR121 is present constitutively in T cells and is unaltered after TCR stimulation.
Requirement for Wave in Regulation of Actin Polymerization in T Cells
We next examined whether Wave proteins were required for actin polymerization at the T cell:B cell contact site by using siRNA oligo-mediated knockdown of Wave1 and Wave2 ( Figure 5 ). Wave1 and Wave2 were knocked down by siRNA individually and together, as these proteins may exhibit redundant functions [20] . Indeed, knockdown of both molecules produced more severe deficits in actin polymerization than that seen in cells in which expression of only one protein was reduced ( Figures 5C and 5D ). Both Wave1 and Wave2 were downregulated in cells transfected with the specific siRNAs ( Figure 5B) . Interestingly, single knockdown of Wave1 results in upregulation of Wave2 (Figure 5B) . Therefore, double knockdown of both Wave1 and Wave2 was required to efficiently downregulate Wave protein expression in T cells ( Figure 5B ). Jurkat T cells transfected with siRNAs against Wave1 and Wave2 and conjugated with SEE-pulsed B cells displayed greatly reduced actin staining at the T cell:B cell contact site compared to that observed in T cells transfected with control siRNA ( Figure 5A) . Notably, the intensity of actin staining in the Wave1/2 knockdown cells was very similar to that observed in Jurkat cells conjugated with unpulsed Nalm-6 B cells ( Figure 5A ). To quantitatively determine the effect of Wave1/2 protein knockdown on actin polymerization, we measured the intensity ( Figure 5C ) and area ( Figure 5D ) of actin staining at the T cell:B cell interface. Both the fluorescence intensity and area of actin staining were significantly reduced in cells transfected with Wave1 or Wave2 siRNAs, and knockdown of Wave1 and Wave2 together inhibited actin polymerization to a greater extent than single knockdown of either molecule alone ( Figures 5C and 5D ). Similar results were obtained with different Wave1 and Wave2 siRNAs (data not shown). These results demonstrate that the Wave1 and Wave2 proteins are required for actin polymerization in T cells in response to stimulation with antigen-loaded B cells.
Abi Proteins Are Required for Actin Polymerization at the T Cell:B Cell Contact Site
We next determined whether the Abi proteins were required for actin polymerization in T cells. To this end, we examined whether siRNA-mediated knockdown of Abi1 and Abi2 affected actin polymerization in Jurkat T cells. As shown in Figure 6A , single or double knockdown of Abi1 and Abi2 results in a severe impairment in actin polymerization in Jurkat T cells in response to stimulation with antigen-pulsed B cells. Quantification of the inhibitory effect of Abi protein loss showed that both the fluorescence intensity and area of actin staining were markedly decreased in cells with reduced levels of Abi1 and Abi2 ( Figures 6B and 6C) . Thus, the effect of Abi protein loss on actin polymerization in Jurkat T cells phenocopies the consequences of Wave protein knockdown in the same cells. To determine whether loss of Abi proteins in primary T cells has a negative effect on actin polymerization, we utilized primary T cells isolated from spleens of abi1
2/2 mice. We were unable to utilize cells from mice with a homozygous deletion of both abi genes, as homozygous deletion of abi1 results in an embryonic lethal phenotype with mice dying before day E9.5 (C.R. and A.M.P., unpublished data). T cells were examined for the ability to cap actin in response to anti-CD33 crosslinking of the TCR. Engagement of the TCR on primary splenic T cells derived from abi1 +/2 abi2 2/2 mice resulted in marked reduction of actin polymerization compared to wild-type primary T cells ( Figure 6D ). Similar results were obtained with T cell blasts prepared from spleens of wild-type and abi1
2/2 mice (data not shown). These results were not due to altered numbers of TCRs expressed on T cells isolated from abi1 +/2 abi2 2/2 mice, as the level of surface TCR expression was unchanged relative to that observed in control T cells ( Figure S4 ). Because actin dynamics has been linked to the regulation of endocytosis of cell-surface receptors, we also examined whether reduced Abi expression affected endocytosis of the TCR. Downregulation of both Abi1 and Abi2 in Jurkat T cells did not affect TCR endocytosis relative to that observed in control cells ( Figure S5 ). Consistent with this finding, we did not find any changes in TCR endocytosis in abi1
2/2 primary mouse T cells compared to that observed in wild-type controls (data not shown). These results demonstrate that Abi proteins are required for maximal actin polymerization in T cells after TCR stimulation.
Abi Proteins Regulate Actin Polymerization at the IS by Modulating Wave Recruitment
To define the mechanism whereby loss or downregulation of Abi proteins impairs actin polymerization in T cells, we first examined whether the stability of Wave and other components of the complex is dependent on the expression of Abi proteins in these cells. It has been shown that knockdown of Abi1 in HeLa and Drosophila S2 cells destabilizes Wave and other complex components [10, 11] . In contrast, knockdown of Abi1, Abi2, or both Abi1 and Abi2 in human Jurkat T cells did not significantly affect the stability of Hem1/2 (Nap1), PIR121/Sra1, Wave1, or Wave2 ( Figure 7A) . Similarly, the stability of the entire Wave complex was unaffected by downregulation of Abi1 and loss of Abi2 in primary thymocytes from abi1 +/2 abi2 2/2 mice ( Figure S6 ). Moreover, knockdown of Wave proteins in Jurkat T cells did not affect Abi1 or Abi2 protein levels ( Figure S7A ). Thus, in contrast to the observations in fibroblasts, HeLa, and melanoma cells [7] , the stability of individual components of the Wave protein complex in T cells is not dependent on the expression of other members of the complex.
Next, we examined whether decreased Abi protein levels in T cells may affect actin polymerization at the IS by regulating the recruitment of Wave proteins to this site. As shown in Figure 7B , both Wave1 and Wave2 fail to translocate to the T cell:B cell contact site after conjugation of T cells deficient for Abi1, Abi2, or Abi1 + Abi2, with antigen-loaded B cells. The requirement for an intact Abi/Wave complex for efficient actin polymerization at the IS is further supported by the severe impairment of Abi1 and Abi2 accumulation at the T cell:B cell contact site after conjugation of Wave1/2-deficient T cells with antigen-loaded B cells ( Figure S7B ). Together, our data reveal that regulation of actin polymerization by the Abi/Wave complex in T cells occurs by affecting the recruitment of the complex to the IS in response to stimulatory cues, rather than by regulation of protein stability of complex components.
Abi Proteins Play a Role in TCR-Mediated IL-2 Production and Proliferation
Polymerization of actin after TCR stimulation is necessary for sustained T cell signaling leading to transcription and proliferation [2] [3] [4] . Thus, we next determined whether the reduction in TCR-induced actin polymerization observed in the abi1
2/2 T cells correlated with altered T cell function. No defects in T cell development or maturation were observed in abi1
mice, as the profiles for CD4 and CD8 expression on Function for Abi and Wave Proteins in T Cellsboth splenic T cells and thymocytes isolated from the knockout mice were unaltered relative to those on cells isolated from wild-type animals (data not shown). In this regard, it is known that mice lacking other actin-regulatory proteins such as WASp, PKCq, and Rac2, do not exhibit abnormal T cell development, yet have impaired responsiveness to TCR stimulation [21] [22] [23] . Therefore, we next examined the ability of primary splenic T cells to respond to TCR activation. TCR-induced proliferation of splenic T cells from abi1
2/2 mice was reduced approximately 60% relative to that of T cells derived from control abi1
+/2 mice ( Figure 8A ). Similar results were obtained with wild-type (abi1
mice as controls ( Figure 8B and data not shown), and mice even in the presence of 5 or 10 ng/ml IL-2 ( Figure S8 ). Thus, these findings suggest that loss of Abi proteins affects TCR-dependent cell proliferation via IL-2-dependent and -independent pathways. Together, these results demonstrate that while the development and maturation of T cells in abi1
2/2 mice occurs normally, TCRmediated IL-2 production and proliferation are significantly impaired.
Discussion
It has generally been accepted that WASp is the principal regulator of actin polymerization in T cells [2] . However, this notion is inconsistent with the findings that actin polymerization is not impaired in several strains of WASp knockout mice [5, 6] . Interestingly, transgenic was 2/2 mice overexpressing WASpDVCA, a dominant-negative protein that can inhibit other VCA domain-containing proteins, exhibit a much stronger phenotype than mice lacking WASp alone [24] . This observation suggests that other VCA domain-containing proteins, including other WASp family members, may regulate actin polymerization in T cells. It is possible that the related, more ubiquitous N-WASp compensates for the loss of WASp. However, while deletion of N-WASp in mice is embryonic lethal, cells derived from these mice can still form lamellipodia and filopodia [25, 26] . Taken together, these observations indicate that actin-regulatory proteins other than WASp/ N-WASp may function in T cells. Our data show that the Abi/Wave complex plays such a role.
Notably, while WASp is activated by Cdc42, the Abi/ Wave complex signals downstream of activated Rac [7] . Rac proteins have been identified as critical regulators of T cell signaling [23, [27] [28] [29] . Indeed, T cells from rac2 2/2 mice have impaired actin polymerization after TCR crosslinking [23] . However, little is known regarding the effectors that transmit signals from Rac to the actin polymerization machinery in T cells. Rac effectors, such as the p21-activated kinases (Paks), are involved in Rac-mediated cytoskeletal regulation [30] . Results from studies with an activated effector mutant of Rac (L61C40Rac), which cannot bind CRIB domain-containing proteins such as Pak, suggest that Rac-mediated regulation of the cytoskeleton is independent of CRIB domain-containing proteins and that Paks may not be required for Rac-mediated cytoskeletal modulation [28, 31, 32] . We propose that the Abi/Wave complex, which is recruited specifically to activated Rac via the Sra1/PIR121 protein, which lacks a CRIB domain, is the primary Rac target for signaling to the actin cytoskeleton in T cells.
We show that Abi and Wave exist in T cells as part of a preassembled complex that is unaltered after cell stimulation. After antigen presentation by B cells, the Abi and Wave proteins translocate to the T cell:B cell contact site, where localized actin assembly takes place [1] . Our observations support a model whereby Rac is locally activated at the contact site and binds Sra1/ PIR121, which is constitutively associated with the Abi/Wave complex in T cells (see model in Figure 4B ). This results in the recruitment of the entire complex to the contact site, leading to initiation of Arp2/3-dependent actin nucleation. It is also possible that other molecular interactions involving the Abi/Wave complex contribute to targeting the proteins to the contact site. Wave contains a PtdIns(3,4,5)P3 binding site that is required for proper targeting of Wave to the leading edge in fibroblasts [33] . This Wave domain may contribute to retention of the Abi/Wave complex at the IS. In any case, our data support a spatial restriction model in which the ability of the Abi/Wave complex to polymerize actin at the T cell:B cell contact site is regulated by its localization.
Actin polymerization is required for TCR signaling leading to IL-2 production and proliferation [2] [3] [4] . Mice deficient in cytoskeletal regulators such as Rac2, PKCq, or WIP exhibit T cell phenotypes in which loss of actin polymerization correlates with deregulated signaling leading to altered transcription, IL-2 production, and proliferation [21-23, 34, 35] . Similarly, defects in actin polymerization exhibited in T cells from abi1 +/2 abi2 2/2 mice correlated with reduced TCR-dependent IL-2 production and proliferation (Figures 7 and 8) . Thus, we propose that TCR-mediated activation of the Abi/Wave complex leads to actin polymerization, which subsequently affects IL-2 production and proliferation. We cannot, however, rule out the possibility that the Abi proteins may regulate actin independently of the Wave complex. Abi1 can form a complex with the adaptor protein EPS8, the GEF Sos, and the p85 subunit of PI3 kinase. This complex confers Rac-GEF activity to Sos [16, 36, 37] . Thus, the Abi1/EPS8 complex can regulate actin remodeling downstream of growth factors and Ras by modulating the activation state of Rac. To our knowledge, such a complex has not been detected in lymphocytes. It is also possible that Abi proteins can regulate TCR-mediated actin reorganization through association with dynamin [38, 39] . Dynamin2 was recently shown to regulate the actin cytoskeleton in T cells, possibly through its association with the GEF Vav1, a critical regulator of Rac and actin in T cells [38] . Moreover, the role of Abi in regulating TCR-induced IL-2 production and proliferation may be separate from its ability to regulate actin, as has been described for WASp [5, 40] . In this regard, it was recently reported that Abi1 binds to and activates the N-WASp protein [41] . Abi1 and N-WASp were shown to regulate endocytosis of the EGF receptor tyrosine kinase and also modulate actinbased vesicular transport in HeLa cells. However, we did not observe any defects in TCR endocytosis in Jurkat T cells or primary mouse T cells deficient for Abi family proteins. It is possible that Abi proteins may regulate yet to be identified WASp-dependent processes in T cells. In addition to regulating actin polymerization in T cells, Abi proteins may play a role in other aspects of T lymphocyte biology, and future studies will examine the involvement of the Abi protein family in immune function in vivo.
Conclusion
In this report, we identify the Abi/Wave protein complex as a critical regulator of actin polymerization at the T cell:B cell contact site. Abi and Wave translocate to the T cell:B cell contact site in the presence of antigen, where they colocalize with actin. Decreased Abi or Wave protein expression impairs actin polymerization after T cell activation. Significantly, primary T cells derived from Abi1/Abi2-deficient mice exhibit decreased TCR-mediated IL-2 production and proliferation. Together, these data demonstrate for the first time a role for the Abi/Wave complex in TCR-mediated T cell activation. 
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